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Two possible types of cadmium sulphide ~CdS! nanostructures can be formed within Langmuir–
Blodgett ~LB! films of calixarene Cd salt as a result of exposure to H2S gas: nanoclusters with the
size of about 1.5 nm or two-dimensional planes with the thickness of about 1.7 nm. Transmission
electron microscopy and electron diffraction studies on calixarene/CdS LB films show that CdS
particles are not present in the fresh samples at the beginning, but they are gradually formed under
exposure to a high energy electron beam. A blueshift of the first exciton absorption band and an
increase of the extinction coefficient, caused by exposure to H2S gas, were found with UV-visible
optical spectroscopy and surface plasmon resonance, respectively. © 2000 American Institute of
Physics. @S0021-8979~00!07015-8#I. INTRODUCTION
The main trend of microelectronics toward decreasing
the feature size stimulates great interest in the development
of nanoelectronic devices such as: resonance tunneling de-
vices based on III–V semiconductor superlattices,1 silicon
quantum dots,2 and single-electron tunneling transistors.3,4
The formation of nanosized elements requires some sophis-
ticated and expensive technologies such as, molecular beam
epitaxy ~MBE!, advanced x-ray and electron-beam lithogra-
phy, scanning probe techniques, such as STM and AFM,
etc., employing ultrahigh vacuum equipment and super clean
environmental conditions. Alternatively, the wet technology
has been adapted for producing nanosized elements due to
recent achievements of colloid and organic chemistry and
technology of thin organic films.5 A variety of colloid nano-
particles including metals ~Au, Ag, Pt, Pd!, semiconductors
~CdS, CuS, CdSe, PbSe, PbTe, TiO2!, and insulators ~ce-
ramic, mica! have now become commercially available.5
These particles can be chemically modified and deposited by
different techniques, such as Langmuir–Blodgett ~LB!6 and
polyelectrolyte self-assembly methods.7,8
A simple but elegant method of formation of II–VI
semiconductor nanoparticles within LB film matrix has been
proposed earlier by Barraud and co-workers9,10 with a view
to forming two-dimensional ~2D! semiconductor layers. By
exposing LB films of fatty acid metal salt ~cadmium stearate,
for example! to H2S gas, metal sulphide ~CdS! can be formed
due to the following reaction:
~CH3–~CH2!n–COO!2Cd1H2S
52~CH3–~CH2!n–COOH!1CdS.
It was found that clusters of metal sulphides ~CdS, PbS,
CuS! with the size of 3–5 nm were formed within the fatty
acid LB film matrix due to molecular segregation.10–14 A
similar idea has been exploited in our previous
publications15–17 to form CdS nanoparticles within calix-1330021-8979/2000/88(3)/1333/6/$17.00
nloaded 01 Aug 2011 to 134.83.1.242. Redistribution subject to AIP licarene LB films. It was suggested there that the presence of
calixarene cavities restricts segregation of CdS, and much
smaller CdS particles were formed as a result. The size of
1.560.3 nm for CdS particles embedded into calixarene LB
films was estimated from their UV-visible absorption
spectra.15,16 However, both low angle x-ray diffraction16 and
AFM17 experiments showed no respective changes in the dif-
fraction pattern and morphology of calixarene LB films after
exposure to H2S gas. Transmission electron microscopy
~TEM! showed no CdS particles on fresh samples during
initial stages of inspection, but they grew later, possibly,
stimulated by the electron beam.17
In the present work the formation of CdS nanoparticles
in calixarene LB films was studied in situ using TEM and
electron diffraction. Additional UV-visible optical spectros-
copy and surface plasmon resonance ~SPR! measurements
were performed here in order to register changes of the op-
tical parameters of calixarene LB films caused by the forma-
tion of CdS nanostructures. Possible applications are high-
lighted.
II. EXPERIMENTAL DETAILS
Tert-octyl calix@8#arene carboxylic acid, referred
throughout the text as C@8#A ~see chemical structures in Fig.
1! was chosen for LB film deposition. 0.5 mg/ml solution of
C@8#A compound in chloroform was spread onto Millipore
water subphase containing 531024 M CdCl2 in order to
form Cd salts in monolayers. The films were then transferred
onto hydrophobic substrates at a constant surface pressure of
25 mN/m and at a deposition speed of 5 mm/min for both
down and up strokes. UV-visible absorption spectra of LB
films transferred onto quartz slides were measured at room
temperature on the same samples before and after H2S treat-
ment by using a UV4 UNICAM spectrophotometer. The
spectra of CdS embedded into the film were then obtained by
subtraction of the spectra measured before and after exposure3 © 2000 American Institute of Physics
ense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Dowto H2S. Procedures of C@8#A LB film deposition, treatment
of the samples with H2S, and optical characterization have
been described in detail earlier.15
TEM and electron diffraction studies were performed on
LB films deposited onto 300 mesh copper grids coated with
amorphous carbon ~Agar Scientific, UK!. These measure-
ments were performed using a Philips CM20 TEM operating
at 200 keV ~electron wavelength of 0.002 51 nm!. Electron
diffraction patterns were recorded using an unfocused elec-
tron beam of about 0.5 mm in diameter. In order to study the
effect of the dose of electron irradiation, series of TEM pic-
tures and diffraction patterns were taken at an interval of 5
min from the film exposure under the focused electron beam.
SPR measurements were carried out on C@8#A LB films
transferred onto the 45 nm gold coated glass slides, using a
Kretschmann type u–2u rotated stage experimental setup de-
scribed previously.18 The samples were brought into optical
contact with the semicylindrical prism using index-matching
liquid. A p-polarized HeNe laser source (l5632.8 nm) was
used for the excitation of surface plasmons. The SPR curves
FIG. 1. Chemical structures of calix@8#arene acid.
FIG. 2. UV-vis absorption spectra of CdS embedded into C@8#A LB films.
Number of layers are shown next to respective curve.nloaded 01 Aug 2011 to 134.83.1.242. Redistribution subject to AIP licwere measured on the same samples before and after expo-
sure to H2S gas. Thickness d, refractive index n, and extinc-
tion coefficient k of calixarene thin films were evaluated by
fitting the experimental SPR curves to Fresnel’s theory using
a least-square technique.18,19
III. RESULTS AND DISCUSSION
Typical UV-visible absorption spectra of CdS imbedded
into C@8#A LB films ~two and four layers! are shown in Fig.
2. The absorption edge at 370 nm corresponds to the energy
of 3.35 eV, which is much higher than that for bulk CdS ~2.4
eV!. The observed blueshift of the absorption edge is be-
lieved to be caused by size quantization of exitons in CdS
clusters.20 The size of semiconductor nanoclusters can be
estimated from the method due to Ramakrishna21 based on
direct calculations of the band structure of semiconductors
using the method of pseudopotential. The size effect is in-
vestigated using the following expression for exciton energy
in CdS spherical clusters with the radius R:22,23
FIG. 3. A schematic model of 2D CdS planes within calixarene LB film: the
thickness of the C@8#A bilayer is 3 nm; the thickness of the CdS layer is 1.7
nm.
FIG. 4. Experimental SPR curves for 45 nm gold layer ~1, 18! coated with
C@8#A LB films of two layers ~2, 28! and four layers ~3, 38!. Dashed line
corresponds to SPR curves after exposure to H2S gas. The inset shows
dependencies of the position of the minimum of SPR curves on the number
of LB layers.ense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Downloaded 01 Aug 201TABLE I. Optical parameters obtained by SPR fitting for bare gold and LB films.
Bare gold layer Two LB layers of C@4#A Four LB layers of C@4#A
n k d ~nm! n k d ~nm! n k d ~nm!
Before
H2S
0.188 3.337 45.03 1.46 0 1.58 1.46 0 3.09
After
H2S
0.279 3.248 47.28 1.47 0.244 1.58 1.45 0.115 3.09E5Eg2
1.786e2
«R 20.248ER , ~1!
where Eg is the band gap of the bulk material, and « is the
dielectric constant of CdS. The second term in Eq. ~1! rep-
resents Coulomb interaction between electrons and holes.
The exciton binding energy is given in the form
ER5
me2
2«2\2 , ~2!
where m is the exciton reduced mass
S 1m 5 1me* 1 1mh*D .
Using the E(R) diagram from Ref. 21 a value of 1.5 nm was
found for the diameter of CdS clusters embedded into C@8#A
LB film. This value is much smaller than 3–5 nm usually
observed for CdS nanoparticles in fatty acid LB films.11–15
This leads to an inference that calixarene cavities limit the
segregation of CdS particles within the film.
It can also be argued that CdS forms two-dimensional
planes within each bilayer of calixarene LB films. In this
case, energy spectra Ee ,h of electrons and holes within a
layer of thickness LZ will be described as follows:24
Ee ,h5
\2~kX
2 1kY
2 !
2me ,h*
1
\2p2
2me ,h*
nz
2
LZ
2 . ~3!
Here the first term describes the motion of electrons and
holes with the respective effective mass me* or mh* within the
x,y plane, while the second term shows the series of levels of
size quantization in the z direction with the principal quan-
tum number nZ . The first exciton band in this case can be
described as20
E5Eg2Eex
2D1
p2\2
2mLZ
2 , ~4!
where Eg52.425 eV is the band gap for bulk CdS at room
temperature, Eex
2D is 2D exciton binding energy, which is four
times larger than Eex50.028 eV for bulk CdS,20 and m
50.125m0 . A value of 1.7 nm is obtained for LZ , which is
almost twice the cavity depth of calixarene. The formation of
CdS planes can be postulated within each calixarene bilayer
~see a scheme in Fig. 3!, capturing CdS molecules in calix-
arene intrinsic cavities and, possibly, in the free space be-
tween molecules. This model is consistent with an earlier1 to 134.83.1.242. Redistribution subject to AIP licFIG. 5. TEM images of C@8#A LB film ~ten layers! exposed to H2S gas.
Magnification is of 115 000. Photo ~b! is taken 5 min after ~a!.ense or copyright; see http://jap.aip.org/about/rights_and_permissions
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DowFIG. 6. Electron diffraction patterns measured on C@8#A LB film ~ten lay-
ers! exposed to H2S gas. Patterns ~a!, ~b!, and ~c! correspond to subsequent
5 min irradiation with focused electron beam.observation from x-ray and AFM studies that both the film
structure and morphology have not changed after H2S
treatment.16,17
Figure 4 shows a subsequent shift in the minimum of the
SPR curves to higher angles of incidence for two and four
LB overlayers of C@8#A molecules in respect to that for bare
gold film. As seen from Fig. 4, the treatment of the samples
in H2S gas affects both the gold film and LB overlayers. The
SPR curve for bare gold has undergone a small shift due to
the formation of a monolayer of sulphur on the gold surface
as a result of reaction with H2S gas. It can be assumed that
the gold surface covered with gas permeable calixarene LB
films is affected by the same reaction. As shown by the inset
to Fig. 4, the slope of the dependence umin(N) is larger after
the treatment with H2S than before the treatment. This indi-
cates that H2S also affects the calixarene LB film due to the
probable formation of CdS particles.
Calixarene matrix and CdS clusters are both virtuallynloaded 01 Aug 2011 to 134.83.1.242. Redistribution subject to AIP lictransparent at 633 nm. In order to evaluate refractive index n
and film thickness d simultaneously,25 values of n51.46 and
d51.5 nm per C@8#A monolayer, previously obtained from
ellipsometric measurements,16 were used as starting values
for the theoretical fitting to SPR data. Since the C@8#A LB
films before H2S treatment were transparent at 633 nm, k
50 was postulated as a first guess value for the extinction
coefficient. The obtained optical parameters for bare gold
film and LB overlayers both before and after exposure to
H2S gas are summarized in Table I. The increase of extinc-
tion coefficient after exposure to H2S gas may indicate the
presence of semiconducting 2D planes of CdS within an in-
sulator matrix, in which surface plasmon polaritons are
thought to be excited. Similar results have been obtained
from in situ SPR measurements during CdS formation within
cadmium arachidate LB films.26
Figure 5 shows two TEM images which were taken at
time intervals of 5 min on the same place of specimen underense or copyright; see http://jap.aip.org/about/rights_and_permissions
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ticles in both size and number with increasing time of expo-
sure to a focused electron beam is very apparent. The size of
the particles varies from 7 to 15 nm, which is much higher
than that evaluated from the absorption spectra of the
samples unexposed to an electron beam. It should also be
pointed out that no particles were observed in the fresh
samples of CdS/C@8#A LB films during initial stages of TEM
experiments. This is in contrast to our previous TEM obser-
vation of CdS particles in stearic acid LB films, which ap-
peared without stimulation by the electron beam.17
A set of three electron diffraction patterns of CdS/C@8#A
LB film, taken at time intervals of 5 min, is shown in Fig. 6.
They illustrate the transition from diffused rings for the fresh
sample @Fig. 6~a!#, corresponding to an amorphous carbon
substrate, to spotty rings @Fig. 6~b!#. The rings become in-
creasingly pronounced with the time of exposure @Fig. 6~c!#.
These transformations in the diffraction pattern are believed
to be caused by the growth of CdS clusters.
Values of spacing D50.226, 0.16, and 0.133 nm were
evaluated from the diffraction pattern in Fig. 6~c! by using
Bragg’s formula 2D sin w5nl. The lattice parameters a0 can
be calculated by comparison of the experimental D values
with Dhkl spacing27
a05DhklAh21k2l2, ~5!
where h, k, and l are Miller’s indices for fcc zinc blende type
lattice.
The last two values of 0.16 and 0.133 nm of spacing
correspond most likely to ~222! and ~331! directions, respec-
tively, and yield a050.56760.012 nm. The lattice parameter
is less than a value of 0.583 nm for bulk CdS, which was
predicted by Ramakhrishna’s theory.21 The spacing of 0.226
nm is not close to any crystallographic direction in fcc CdS
zinc blende lattice and may correspond to the forbidden
~211! direction with Dhkl50.237 nm. However, the structure
of small CdS clusters may be sufficiently disturbed by the
presence of calixarene matrix, and some other crystallo-
graphic directions become available. Knowing the area of
3.0 nm2 occupied by the C@8#A molecule from P-A isotherm
measurements15 and the number of CdS molecules per C@8#A
unit of 2.85, obtained with XPS,15 one can estimate the ini-
tial average distance between CdS molecules in the LB
monolayer as 1.025 nm. This value is much higher than the
obtained spacing of 0.567 nm in CdS clusters indicating the
segregation of CdS caused by the electron beam.
IV. CONCLUSION REMARKS
The observed blueshift of the main exciton absorption
band15,16 can be interpreted in terms of the formation of ei-
ther very small CdS nanoclusters with the size of about 1.5
nm or 2D CdS planes with a thickness of about 1.7 nm
within each calixarene bilayer. The fact that CdS nanopar-
ticles were not observed in our previous experiments with
both x-ray diffraction and AFM16,17 favors the second model.
In the present study, SPR measurements of LB films of calix-
arene Cd–salt show a sufficient increase in the extinction
coefficient after exposure to H2S gas, which indicates thenloaded 01 Aug 2011 to 134.83.1.242. Redistribution subject to AIP licpresence of conductive ~semiconductive! inclusions within
the film. TEM and electron diffraction shows no CdS par-
ticles in fresh samples of CdS/C@8#A LB films, but they have
appeared later under exposure to a focused electron beam.
The segregation of 2D CdS planes and formation of CdS
nanoparticles stimulated by the electron beam is the most
likely mechanism of the observed behavior.
Therefore, we succeed with the formation of two kind
CdS nanostructures: 2D CdS planes initially formed within
calixarene LB films, which can be later transformed to nano-
clusters due to exposure to the high energy electron beam.
This opens the direction for further research work toward the
development of novel nanoelectronic and optoelectronic de-
vices. In the case of 1.5 nm II–VI semiconductor clusters,
switching elements can be fabricated on the basis of single-
electron transistors3,4 with well resolved at room temperature
staircase-like current–voltage (I – V) characteristics. In con-
trast, superlattices consisting of 2D semiconducting plates
may show electro-optical effect28 or some other nonlinear
optical properties. Moreover, Little’s type high-temperature
superconductivity29 is expected for a single 2D semiconduc-
tor plane between two thin polar insulating layers. Further
experiments are being undertaken to investigate mechanisms
of planar conductivity and single-electron transfer across the
films.
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